Preeclampsia, the major cause of maternal morbidity and mortality in developed countries, is associated with abnormalities of placenta function due to shallow invasion of the maternal decidua by trophoblasts. Data suggest that TGF-b may play a role in inhibiting trophoblast outgrowth or invasion, or both. We report that placental TGF-b 3 expression is high in early pregnancy but falls at around 9 weeks' gestation. This pattern is inversely correlated with trophoblast outgrowth and fibronectin synthesis, markers of early trophoblast differentiation toward an invasive phenotype. We demonstrate that TGF-b 3 is overexpressed in preeclamptic placentae. In contrast to control placentae, explants from preeclamptic pregnancies fail to exhibit spontaneous invasion in vitro. Significantly, antisense-induced inhibition of TGF-b 3 expression, and inhibition of TGF-b 3 activity with antibodies, induces the formation of columns of trophoblast cells, which migrate out of the explant into the underlying Matrigel. To our knowledge, this is the first demonstration that the hypoinvasive placental phenotype characteristic of preeclampsia can be essentially normalized in vitro by biochemical manipulation. We speculate that a failure to downregulate expression of TGFb 3 at around 9 weeks' gestation results in shallow trophoblast invasion and predisposes the pregnancy to preeclampsia.
Introduction
Successful human placentation depends on adequate transformation of the uteroplacental circulation by extravillous trophoblast (EVT) proliferation, migration, and invasion into the maternal decidua (1) (2) (3) . This process rises to a peak by the end of first trimester and declines rapidly thereafter (4) .
Preeclampsia occurs in 7-10% of pregnancies and remains the major cause of maternal morbidity and mortality in developed countries. Insufficient trophoblast invasion of maternal spiral arteries contributes to the development of preeclampsia, which, when severe, results in coexistent intrauterine growth restriction (IUGR) (5) (6) (7) (8) . The placenta plays a central role in the pathogenesis of preeclampsia, as removal of this organ at delivery normally results in prompt resolution of the disease. In addition, molar pregnancies, in which there is placental tissue without a fetus, are often complicated with preeclampsia (9, 10) .
Histological examination of placental bed biopsies from preeclamptic women demonstrates trophoblast proliferation but limited migration into superficial decidua (11) . Consequently, invasion of the cells into the myometrial portions of the spiral arteries is severely reduced (12, 13) , resulting in reduced intervillous blood flow and placing the fetus at risk of oxygen and nutrient deprivation (14) . Progress has been made toward understanding the molecular basis of these observations. Villous trophoblasts from preeclamptic placentae have been found to exhibit an immature phenotype, ultrastructurally and biochemically, when compared with normal placentae (15, 16) . Specifically, EVT cells in the decidua of women whose pregnancies were complicated by preeclampsia exhibit a less invasive and more proliferative phenotype than normal (11) . They continue to express α 6 β 4 as well as abnormally high levels of α 5 β 1 integrins, but they fail to express the α 1 β 1 integrin normally expressed during EVT invasion (12) . They also fail to adopt the vascular adhesion phenotype, characteristic of differentiating/invading trophoblasts (17) . Various growth factors and cytokines, such as EGF, TGF-α, amphiregulin, IGF-II, and IL-1β, stimulate trophoblast differentiation toward an invasive phenotype (18) (19) (20) (21) . By contrast, limited data exist regarding possible inhibitory regulators of trophoblast development. Members of the TGF-β superfamily of growth factors, known to inhibit cell invasion (22) (23) (24) , may be involved in this process. Some studies have reported that TGF-β 1 inhibits trophoblast invasion, possibly through an induction of tissue inhibitor of metalloproteinases (TIMP) expression (25) , whereas others found no such effect (18) . Other studies using isolated first-trimester villous cytotrophoblasts have shown that TGF-β 1 Preeclampsia, the major cause of maternal morbidity and mortality in developed countries, is associated with abnormalities of placenta function due to shallow invasion of the maternal decidua by trophoblasts. Data suggest that TGF-β may play a role in inhibiting trophoblast outgrowth or invasion, or both. We report that placental TGF-β 3 expression is high in early pregnancy but falls at around 9 weeks' gestation. This pattern is inversely correlated with trophoblast outgrowth and fibronectin synthesis, markers of early trophoblast differentiation toward an invasive phenotype. We demonstrate that TGF-β 3 is overexpressed in preeclamptic placentae. In contrast to control placentae, explants from preeclamptic pregnancies fail to exhibit spontaneous invasion in vitro. Significantly, antisense-induced inhibition of TGF-β 3 expression, and inhibition of TGF-β 3 activity with antibodies, induces the formation of columns of trophoblast cells, which migrate out of the explant into the underlying Matrigel. To our knowledge, this is the first demonstration that the hypoinvasive placental phenotype characteristic of preeclampsia can be essentially normalized in vitro by biochemical manipulation. We speculate that a failure to downregulate expression of TGF-β 3 at around 9 weeks' gestation results in shallow trophoblast invasion and predisposes the pregnancy to preeclampsia.
inhibits the differentiation of trophoblasts toward an invasive phenotype and suppresses trophoblast endocrine differentiation (26) . We have recently reported that activin, a member of the TGF-β superfamily, stimulates trophoblast differentiation toward an invasive phenotype (including trophoblast outgrowth and proliferation from villous tips, integrin switching, fibronectin synthesis, and induction of gelatinase activity) in first-trimester placental explants (27) . Surprisingly, antisense-induced downregulation of the TGF-β receptor endoglin also induces trophoblast differentiation in this system (28) .
In the present study, we have investigated the role of the 3 mammalian isoforms of TGF-β in normal pregnancies and in pregnancies complicated by preeclampsia. We report that TGF-β 3 , but not TGF-β 1 or TGF-β 2 , inhibits trophoblast differentiation toward an invasive phenotype in first-trimester human placental explants. Preeclamptic placentae overexpress TGF-β 3 and exhibit a hypoinvasive phenotype in vitro. Differentiation toward the invasive phenotype can be restored in these explants by antibody and antisense disruption of endogenous TGF-β 3 activity and synthesis, respectively.
Methods
Human chorionic villous explant culture. Villous explant cultures were established from first-trimester human placentae (5-13 weeks' gestation) obtained from elective terminations of pregnancies by dilatation and curettage. Villous explant cultures were also prepared from preeclamptic and age-matched control placentae (30 and 32 weeks' gestation) collected from deliveries at Mount Sinai Hospital. The preeclamptic group was selected to represent classic preeclampsia according to both clinical and pathological criteria (29) . The age-matched control groups were primiparous but did not show clinical and pathological signs of preeclampsia or other placental disease. Villous explants cultures were established as described previously (28, 30) . Briefly, placental tissue was placed in icecold PBS and processed within 2 hours of collection. The tissue was aseptically dissected to remove decidual tissue and fetal membranes. Small fragments of placental villi (15-20 mg wet weight) were teased apart and placed on Millicell-CM culture dish inserts (Millipore Corp., Bedford, Massachusetts, USA) precoated with 0.2 mL of undiluted Matrigel (Collaborative Biomedical Products, Bedford, Massachusetts, USA), and placed in a 24-well culture dish. Explants were cultured in serum-free DMEM/F12 (GIBCO BRL, Grand Island, New York, USA) supplemented with 100 µg/mL streptomycin, 100 U/mL penicillin, and 0.25 µg/mL ascorbic acid (pH 7.4) overnight at 37°C in 5% CO 2 in air to allow attachment. In all
Figure 1
Expression of TGF-β isoforms in human placenta in the first trimester of gestation. (a) Message expression of TGF-β isoforms was assessed by low-cycle RT-PCR followed by Southern blot analysis using specific probes for TGF-β1, TGF-β2, TGF-β3, and the control housekeeping gene β-actin. Note that TGF-β3 expression increases at around 7-8 weeks' gestation and declines thereafter. (b) Expression of TGF-β3 mRNA was also assessed by in situ hybridization to placental sections at 7 and 10 weeks' gestation with digoxigenin-labeled sense and antisense TGF-β3 riboprobes. Endogenous alkaline phosphatases were blocked by the addition of levamisole. Sections were counterstained with methyl green. Note that TGF-β3 mRNA expression, viewed by blue staining, is high at 7 weeks in chorionic villi and decreases around 10 weeks. Control experiments were performed using sense TGF-β3 riboprobes. ×100. (c) Immunoperoxidase staining of TGF-β3 was performed in placental sections at 8 and 12 weeks' gestation. Sections of placental tissue of 8 weeks' gestation show strong positive immunoreactivity viewed as brown staining in the cytotrophoblast, syncytiotrophoblast, and stromal cells of the chorionic villi. Sections of placenta at 12 weeks' gestation demonstrate low or absent TGF-β3 immunoreactivity in the villi. There is no immunoreactivity when antiserum was preincubated with an excess of TGF-β3 competing peptide (8 weeks, control). ×200.
experiments, a single placenta was used, and for each treatment, explants cultures were set up in triplicate. Morphological integrity and viability of villous explants and their EVT differentiation were monitored daily for up to 6 days as reported previously (30) . EVT cell outgrowth from the distal end of the villous tips and their migration into the surrounding Matrigel were consistently monitored and quantitated as described previously (28) .
Antisense oligonucleotides and their effects on trophoblast differentiation. Phosphorothioate oligonucleotides were synthesized on a DNA synthesizer and purified by capillary electrophoresis. Oligonucleotides of 16 bp targeted against sequences adjacent to the AUG initiation codon of different human TGF-β isoforms mRNA were synthesized (31) . Previous studies have demonstrated that antisense oligonucleotides, targeted to sequences adjacent to initiation codons, are most efficient in inhibiting translation (32) . Furthermore, 16-mer oligonucleotides are short enough to be taken up efficiently and provide sufficient specificity for hybridization to the corresponding target mRNA (32) . The sequences of the antisense and sense TGF-β oligonucleotides were TGF-β 1 : 5′-CCCCGAGGGCGGCATG-3′ and 5′-CATGCCGCCCTCGGGG-3′, respectively; TGF-β 2 : 5′-CACACAGTAGTGCATG-3′ and 5′-CATGCACTACTGT-GTG-3′; TGF-β 3 : 5′-CCTTTGCAAGTGCATC-3′ and 5′-GATG-CACTTGCAAAGG-3′. Oligonucleotides were dissolved in water, and their concentration was estimated by optical density at OD 260 . Villous explants, prepared from placentae of 5-13 weeks' gestation and from preeclamptic and age-matched control placentae of 29-32 weeks, were incubated overnight in DMEM/F12 alone. Explant cultures were then incubated in DMEM/F12 alone or medium containing antisense or sense oligonucleotides (10 µM). Culture media in the presence or absence of treatments were routinely changed every 48 hours. Experiments were carried out in triplicate and repeated at least 3 times.
TGF-β antibodies and their effect on trophoblast differentiation. Villous explants, prepared from placentae of 5-13 weeks' gestation and from preeclamptic and age-matched control placentae of 29-32 weeks, were incubated overnight in DMEM/F12 alone. Explant cultures were then incubated in DMEM/F12 alone or medium containing antibodies to TGF-β 1 , TGF-β 2 , TGF-β 3 , or control IgG (10 µg/mL). Culture media in the presence or absence of treatments were routinely changed every 48 hours. Experiments were carried out in triplicate and repeated at least 3 times.
RT-PCR and Southern blot analysis. Total RNA was extracted from the placenta, reverse transcribed, and amplified by 15 cycles of PCR using TGF-β-specific primers. RT-PCR products were analyzed by Southern blotting using 32 P-labeled TGF-β cDNAs (33) . Primers used for amplification were as follows: (a) TGF-β 1 cDNA: (forward primer) 5′-GCCCTGGACACCAACTATTGCT-3′, (reverse primer) 5-AGGCTCCAAATGTAGGGGCAGG-3′ (predicted product size = 161 bp); (b) TGF β 2 cDNA: (forward primer) 5′-CATCTGGTCCCGGTGGCGCT-3′, (reverse primer) 5′-GAC-GATTCTGAAGTAGGG-3′ (predicted product size = 353 bp); (c) TGF-β 3 cDNA: (forward primer) 5′-CAAAGGGCTCTGGTG-GTCCTG-3′, (reverse primer) 5′-CTTAGAGGTAATTCC-CTTGGGG-3′ (predicted product size = 374 bp); and (d) β-actin cDNA: (forward primer) 5-CTTCTACAATGAGCTGGGTG-3′, (reverse primer) 5-TCATGAGGTAGTCAGTCAGG-3 (predicted product size = 307 bp). The identity of the PCR reaction products was also confirmed by sequencing.
In situ hybridization. Antisense and sense digoxigenin-labeled TGF-β 3 riboprobes (33) were generated as described in the RNA labeling and detection kits (nonradioactive) from Boehringer Mannheim (Laval, Quebec, Canada). In situ hybridization to placental tissue from the first trimester (5-13 weeks' gestation) and from normal pregnancies and pregnancies complicated by preeclampsia at delivery (26-34 weeks' gestation) was performed according to Braissant and Wahli (34) .
Immunohistochemistry. Placental tissue from the first trimester (5-13 weeks' gestation) and from normal pregnancies and pregnancies complicated by preeclampsia at delivery (26-34 weeks' gestation) was fixed for 2-4 hours at 4°C in 4% (vol/vol) paraformaldehyde, cryoprotected by incubation in 10% (vol/vol) glycerol for 30 minutes and 50% (vol/vol) OCT compound (Tissue-Tek; Miles Inc., Elkhart, Indiana, USA) for 18 hours, embedded in 100% OCT, and frozen in liquid nitrogen. Sections of 7-µm width were cut.
To verify the quality of the tissue and select the most representative sections, every 10th section was stained with hematoxylin and eosin. Neighboring sections were stained using the avidin-biotin immunoperoxidase method. Endogenous peroxidase enzyme activity was quenched with 3% (vol/vol)
Figure 2
Trophoblast differentiative capability of villous explants is gestational age dependent. Villous explants from first-trimester gestation (5-13 weeks) were cultured for 6 days. Differentiation was monitored by measuring morphological and biochemical markers of trophoblast differentiation. (a) EVT cell outgrowth and migration were expressed as the ratio of EVT outgrowths per villous tip, where the nominator, EVT outgrowths, represents the number of EVT columns sprouting from the villous tips plus the number of islands of EVT invading into the Matrigel. The denominator represents the total number of villous tips in a single explant culture. (b) At day 5, explants were metabolically labeled with [ 35 S]methionine for 18 hours. Fibronectin was isolated from conditioned medium using gelatinSepharose beads on the protein extract separated by SDS PAGE. Radiolabeled bands were quantified with the use of a PhosphorImager. Data represent the mean ± SEM of 6-10 different experiments performed in triplicate. *P < 0.05, by ANOVA, compared with 5-7 weeks' gestation. # P < 0.05, by ANOVA, compared with 8 weeks' gestation.
hydrogen peroxide in methanol for 30 minutes. Nonspecific binding sites were blocked using 5% (vol/vol) normal goat serum (NGS) and 1% (wt/vol) BSA in Tris-buffer for 40 minutes at room temperature. Purified rabbit polyclonal antibodies directed against TGF-β 1 , TGF-β 2 , and TGF-β 3 (Santa Cruz Biotechnology, Santa Cruz, California, USA) were used each at 1:50 dilution. The slides were washed 3 times with Tris-buffer and were incubated with a 200-fold dilution of biotinylated goat anti-rabbit IgG for 1 hour at 4°C. After washing 3 times with Tris-buffer, the slides were incubated with an avidin-biotin complex for 1 hour. Slides were washed again in Tris-buffer and developed in 0.075% (wt/vol) 3,3-diaminobenzidine in Tris-buffer (pH 7.6) containing 0.002% (vol/vol) H 2 O 2 , giving rise to a brown product. After light counterstaining with toluidine blue, slides were dehydrated in an ascending ethanol series, cleared in xylene, and mounted. In control experiments, primary antibodies were replaced with antiserum preincubated with an excess of TGF-βs (competing peptide) or blocking solution (5% [vol/vol] NGS and 1% [wt/vol] BSA).
Fibronectin synthesis and release. Villous explants of 5-13 weeks' gestation were incubated overnight in DMEM/F12. Explants were then washed and incubated in DMEM/F12 alone or in medium containing either 10 µM antisense or sense TGF-β 1 , TGF-β 2 , or TGF-β 3 oligonucleotides. The medium with or without the various agents was changed on day 3 of culture and was replaced on day 5 by methionine/cysteine-free DMEM supplemented with 25 µCi/mL of [ 35 S]methionine/cysteine with or without the same oligonucleotides. After labeling for 18 hours, conditioned culture media were collected and diluted with an equal amount of 25 mM Tris-HCl buffer (pH 7.4), 0.15 M NaCl, and 0.5% (vol/vol) Triton X-100. Fibronectin was isolated using gelatin-Sepharose as described previously (28, 35) . Briefly, 50 µL of the gelatin-Sepharose suspension was added to 500 µL of medium, and the samples were incubated overnight at 4°C. The gelatin-Sepharose beads were centrifuged and then washed 3 times in Tris/Triton X-100 buffer. Fibronectin was eluted by boiling for 5 minutes in 1% (vol/vol) SDS and was electrophoresed on 4-12% (wt/vol) polyacrylamide gradient gels. Radiolabeled fibronectin was revealed by autoradiography and quantitated using a PhosphorImager (410A and ImageQuant software; Molecular Dynamics, Sunnyvale, California, USA).
Detection of metalloproteinases by zymography and Western blot analysis. Analysis of gelatinolytic activity was performed using 10% (wt/vol) polyacrylamide gel impregnated with 0.1% (wt/vol) gelatin (Novex, San Diego, California, USA). Four microliters of conditioned media harvested from the explant cultures at day 5 of treatment was mixed with 10% (vol/vol) glycerol, 2% (wt/vol) SDS, 0.0025% (wt/vol) bromophenol blue, and 0.5 M Tris (pH 6.8) and subjected to substrate-gel electrophoresis. Gels were then washed twice in 2% (vol/vol) Triton X-100 for 30 minutes at room temperature to remove the SDS. After this time, gels were equilibrated with developing buffer (50 mM Tris-HCl, 0.2 M NaCl, 5 M CaCl 2 , Brij 35; pH 7.2) for 30 minutes at room temperature and incubated overnight with the same buffer at 37°C. Gels were then stained with 0.1% (wt/vol) Coomassie brilliant blue G-250 to view zones of gelatinase activity.
For Western blot analysis of metalloproteinase expression, 5 µL of conditioned media was subjected to gel electrophoresis using 10% (wt/vol) polyacrylamide gels. Proteins were then blotted to Westran PVDF membrane. Primary antibodies were used at 1:100 dilution and were detected using horseradish peroxidase-conjugated anti-mouse IgG (1:10,000-fold dilution; Amersham, Baie d'Urse, Quebec, Canada) followed by enhanced chemiluminescence (ECL; Amersham).
Statistical analysis. All data are presented as mean ± SEM of at least 3 separate experiments carried out in triplicate. Statistical significance was determined by Student's t test for paired groups, and by one-way ANOVA followed by assessment of differences using Student Newman-Keuls test for nonpaired groups. Significance was defined as P < 0.05.
1644
The Journal of Clinical Investigation | June 1999 | Volume 103 | Number 12
Figure 3
Antisense oligonucleotides and antibody to TGF-β3, but not to TGF-β2 or TGF-β1, induce trophoblast outgrowth and migration in villous explant cultures. (a) Villous explants from 5-8 weeks' gestation were maintained in culture for 5 days in the presence of 10 µM antisense oligonucleotides to TGF-β1 (AS-β1), TGF-β2 (AS-β2), and TGF-β3 (AS-β3). Control experiments were run in parallel using explants from the same placenta cultured in either medium alone or medium containing sense oligonucleotides. (b) Villous explants from 5-8 weeks' gestation were maintained in culture for 5 days in the presence of 10 µg/mL of neutralizing antibody to TGF-β1 (Ab-β1), TGF-β2 (Ab-β2), and TGF-β3 (Ab-β3). Control experiments were run in parallel using explants from the same placenta cultured in either medium alone or in medium containing IgG control. Note that both antisense TGF-β3 (AS-β3) and antibody TGF-β3 (Ab-β3) treatments dramatically increase budding and outgrowth of EVT from the distal end of the villous tips when compared with control villous explants or explants exposed to TGF-β1 and TGF-β2 antisense oligonucleotides and antibodies. ×50.
Results
Developmental regulation of TGF-β 3 expression in the first trimester. Low-cycle RT-PCR followed by Southern blot analysis and immunohistochemistry was used to define the pattern of expression of TGF-β isoforms in the human placenta during the first trimester of pregnancy. All 3 isoforms of TGF-β were expressed during the first trimester ( Figure 1a) . However, although transcripts corresponding to TGF-β 1 and TGF-β 2 were uniformly expressed throughout this period, the expression of TGF-β 3 exhibited a striking pattern of developmental regulation. TGF-β 3 mRNA levels were relatively low at 5-6 weeks, increased markedly between 7 and 8 weeks, and then fell precipitously at 9 weeks. To determine the spatial pattern of TGF-β 3 mRNA expression, we performed in situ hybridization to placental sections from 5-10 weeks' gestation using a TGF-β 3 riboprobe. Figure  1b shows a representative experiment demonstrating that high levels of TGF-β 3 mRNA were detected in sections of 7-week placentae in syncytiotrophoblast, cytotrophoblast, and stromal cells. By 9-10 weeks' gestation, the mRNA expression of TGF-β 3 in all cell layers declined. This spatial and temporal expression pattern for TGF-β 3 was confirmed at the protein level by immunohistochemistry (Figure 1c) . Villous trophoblasts from a placenta of 8 weeks stained positively for TGF-β 3 .
In contrast, TGF-β 3 immunoreactivity was noticeably low or absent in villous trophoblast cells of 12-week placental tissue. No reactivity was observed in placental sections stained with antisera preabsorbed with peptide.
Temporal and spatial differentiation of first-trimester villous trophoblasts toward an invasive phenotype in vitro.
Because TGF-β regulates interactions of cells with the extracellular matrix molecules, as well as interactions between cells, it was particularly relevant to study its effects on trophoblast differentiation toward an invasive phenotype in a system in which the placental villous tissue architecture is maintained. Placental villous explants in culture preserve the topology of intact villi and mimic closely the formation of anchoring villi occurring in vivo during the first trimester of pregnancy (27, 28, 30) . We first investigated the temporal differentiation of firsttrimester villous trophoblasts toward an invasive phenotype using the villous explant system. Explants from placentae of 5-7, 8, or 9-13 weeks' gestation were cultured on a Matrigel base for 6 days, and their differentiation was assessed using morphological and biochemical markers of early trophoblast differentiation, namely, outgrowth of EVT cells (EVT outgrowth) from the explant and fibronectin synthesis, respectively. Explants at 9-13 weeks' gestation showed significantly greater EVT outgrowth and fibronectin synthesis compared with those at 5-8 weeks (Figure 2, a and b) .
Inhibition of TGF-β 3 expression and activity initiates trophoblast differentiation toward an invasive phenotype.
To determine the functional significance of the TGF-β expression patterns, we monitored trophoblast differentiation in response to both TGF-β antibody-(10 µg/mL) and antisense oligonucleotide-induced inhibition of TGF-β expression in explants at 5-8 weeks' gestation. EVT outgrowth was not significantly increased after exposure to antisense oligonucleotides or antibodies to TGF-β 1 or TGF-β 2 ( Figure 3, a and b ). In contrast, explants exposed to either antisense TGF-β 3 oligonucleotide or TGF-β 3 antibody displayed prominent EVT outgrowth from the distal end of the villous tip and an increased number of cells migrating into the surrounding matrix (Figure 3 , a and b; see Figure 5a ). Characterization of the EVT in the villous outgrowths of antisense TGF-β 3 oligonucleotide-treated explants with various markers was performed as described earlier (27, 28) . During the differentiation pathway, EVT start to express fibronectin. We thus investigated the effect of antisense oligonucleotide to the different TGF-
Figure 4
Antisense oligonucleotides to TGF-β3, but not to TGF-β2 or TGF-β1, increase fibronectin synthesis in villous explant cultures. Explants were incubated for 4 days in medium alone, or in the presence of antisense oligonucleotides to TGF-β1 (AS-β1), TGF-β2 (AS-β2), TGF-β3 (AS-β3), and sense oligonucleotides (S-β1, S-β2, S-β3) (10 µM), and then metabolically labeled with β isoforms on fibronectin synthesis by villous explants of 5-8 weeks' gestation. Explants were metabolically labeled on day 5 with [ 35 S]methionine, and newly synthesized fibronectin released into the medium over a period of 18 hours was measured. Antisense oligonucleotide to TGF-β 3 , but not to TGF-β 1 or TGF-β 2 , significantly increased the production of fibronectin when compared with that observed in control cultures treated with sense oligonucleotide or medium alone ( Figure  4 ). Thus the morphological response after antisense TGF-β 3 treatment is associated with a significant increase in fibronectin synthesis. The specificity of the antisense TGF-β 3 response was demonstrated by reversal of both morphological and biochemical indices when antisense-treated explants were cultured in the presence of TGF-β 3 but not TGF-β 1 or TGF-β 2 ( Figure  5, a-c) . Further experiments demonstrated that treatment of villous explants with antisense oligonucleotide to TGF-β 3 abolished TGF-β 3 mRNA expression ( Figure  5, d and f) , but not that of TGF-β 1 or TGF-β 2 (Figure 5f ), corroborating the specificity of the antisense TGF-β 3 effect. TGF-β 3 is not expressed in villous trophoblasts at ≥9 weeks (Figure 1) . Indeed, antisense oligonucleotide to TGF-β 3 had no effect on fibronectin synthesis in villous explants of 10 weeks' gestation ( Figure 5e) .
Preeclampsia is associated with a failure to downregulate trophoblast expression of TGF-β 3 . We next characterized the expression of the 3 TGF-β isoforms in villous placental tissue from patients across a range of gestational ages who were diagnosed as severe preeclamptics. TGF-β expression in these samples was compared with that in an age-matched control group of nonpreeclamptic patients by low-cycle RT-PCR followed by Southern blotting and immunohistochemistry. We detected mRNA
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Figure 5
The antisense TGF-β3 stimulatory effect on trophoblast migration and on fibronectin production is specific. Explants of 5-8 weeks' gestation were treated for 5 days with 10 µM antisense oligonucleotides to TGF-β3 (AS-β3), plus 10 ng/mL recombinant TGF-β3 (AS-β3+β3), TGF-β1 (AS-β3+β1), or TGF-β2 (AS-β3+β2). Control experiments were run in parallel using sense TGF-β3 (S-β3) or medium alone (C). Antisense TGF-β3 treatment (AS-β3) significantly increased the amount of labeled fibronectin compared with both medium alone (C) or sense oligonucleotide (S-β3). Addition of exogenous TGF-β3 (AS-β3+β3), but not TGF-β1(AS-β3+β1) or TGF-β2 (AS-β3+β2), to the antisense-treated explants abolished the antisense stimulatory effect on fibronectin production. (d) mRNA expression of TGF-β3 in explants treated with antisense (AS-β3) or control sense (S-β3) oligonucleotides was measured by low-cycle RT-PCR followed by Southern blot analysis using specific probes for TGF-β3 and the control housekeeping gene β-actin. (e) The antisense TGF-β3 stimulatory effect on fibronectin production is lost by 10 weeks' gestation. Explants ofencoding TGF-β 3 , but not TGF-β 1 or TGF-β 2 , at higher levels in preeclamptic placenta than in controls ( Figure  6a ). We also observed elevated levels of α 5 -integrin and fibronectin mRNA (Figure 6a ) and absence of α 1 -integrin mRNA (data not shown) in preeclamptic placentae, consistent with previous data (12) suggesting that trophoblast differentiation is arrested at an early stage along the invasive pathway in these placentae. The aberrant expression of TGF-β 3 in preeclamptic placentae was further confirmed by histochemical analysis. In situ hybridization and immunohistochemistry showed high TGF-β 3 expression in the syncytiotrophoblast cells in villous tissues from preeclamptic patients, whereas little or no signal was present in the age-matched controls (Figures 6b and 7) . In contrast, immunohistochemical analysis demonstrated no differences for TGF-β 1 and TGF-β 2 expression between preeclamptic and age-matched control placentae (Figure 7) . Inhibition of TGF-β 3 expression and activity in preeclamptic placentae restores invasive capability of trophoblasts. To determine whether there was functional significance associated with overexpression of TGF-β 3 in preeclamptic placentae, we analyzed trophoblast differentiation in explants from control and preeclamptic patients. When cultured on Matrigel, explants from a nonpreeclamptic patient showed formation of EVT columns that spontaneously invaded into the surrounding Matrigel ( Figure  8a, panels 1 and 5) . In contrast, explants from preeclamptic placentae failed to exhibit EVT outgrowth or invasion (Figure 8a , panels 2 and 6). These data are consistent with the view that preeclampsia is associated with reduced invasive capability of trophoblasts. To determine whether this reduced invasive capability was due to TGF-β 3 overexpression, we monitored trophoblast differentiation in villous explants from preeclamptic patients cultured in the presence of antibody and antisense oligonucleotide to TGF-β 3 . In contrast to untreated or sense-treated controls, treatment of explants from preeclamptic patients with antisense TGF-β 3 restored the invasive capability, as demonstrated by the formation of EVT columns migrating through the Matrigel (Figure 8a, panel 5) . Similar stimulatory effect on EVT column formation was observed with an antibody to TGF-β 3 (Figure 8a, panel 3) . The specificity of the antisense TGF-β 3 response was demonstrated by reversal of this effect when antisensetreated explants were cultured in the presence of 10 ng/mL TGF-β 3 (Figure 8a, panel 4) . Further experiments demonstrated that treatment of explants from preeclamptic pregnancies with antisense oligonucleotide or antibodies to TGF-β 1 or TGF-β 2 did not show any effect on EVT column formation (data not shown), indicating that only the inhibition of the TGF-β 3 isoform induces the invasive phenotype. The invasive nature of this antisense-induced phenotype was confirmed by the finding that explants treated with antisense TGF-β 3 acquired the expression of gelatinase B/MMP-9, an enzyme that is normally only expressed in trophoblast cells that are highly invasive (Figure 8b) . Treatment of
Figure 6
TGF-β3 is overexpressed in preeclamptic placentae. (a) Message expression of TGF-β isoforms, α5 integrin receptor, and fibronectin in preeclamptic (PE) and age-matched control placentae (C) was assessed by low-cycle RT-PCR followed by Southern blot analysis using appropriate probes. Note that expression of TGF-β3, α5, and fibronectin, but not TGF-β1 or TGF-β2, was higher in preeclamptic placentae than in controls. (b) Expression of TGF-β3 mRNA was also assessed by in situ hybridization to placental sections from normal and preeclamptic pregnancies using digoxigenin-labeled sense and antisense TGF-β3 riboprobes. Sections were counterstained with methyl green. Endogenous alkaline phosphatase were blocked by the addition of levamisole. Panel 2 shows a section of normal placenta at 29 weeks, with little or absent expression of TGF-β3. Panels 3 and 4 show sections of preeclamptic placental tissue of the same gestation, with high TGF-β3 expression viewed by blue staining in the syncytiotrophoblast (ST; arrow) and to a lesser extent in stromal cells (S) of the chorionic villi. Control experiments were performed using sense TGF-β3 riboprobes (panel 1). Panels 1-3: ×100; panel 4: ×200.
explants from age-matched control patients with antibody or antisense TGF-β3 did not show any effect on gelatinase production (data not shown).
Discussion
Here we show that TGF-β 3 is a regulator of human trophoblast differentiation toward an invasive phenotype. A failure to downregulate expression of this cytokine is associated with, and may contribute to, the pathogenesis of preeclampsia in humans. The conclusion that TGF-β 3 is a major factor in the pathogenesis of preeclampsia is based on 3 observations: first, the distinct temporal and spatial patterns of TGF-β 3 expression in normal and preeclamptic pregnancies; second, the demonstration that the invasive phenotype of trophoblasts can be prematurely triggered in firsttrimester placentae by downregulation of TGF-β 3 ; and third, the observation that the normal invasive phenotype was restored in preeclamptic placentae by both antibody and antisense inhibition of trophoblast TGF-β 3 expression.
Expression of TGF-β 3 in placental trophoblasts peaks at 6-8 weeks' gestation and then falls precipitously around 9 weeks, precisely at the time of maximal trophoblast invasion in vivo (4) . This downregulation of TGF-β 3 expression is temporally associated with earlier reports of major changes in the expression of markers of trophoblast differentiation toward an invasive phenotype in anchoring villi, including switching of integrin isoforms (36) (37) (38) , synthesis of matrix ligands for these integrins (39, 40) , and upregulation of gelatinase A (MMP-2) (21). Previous studies have suggested that the trophoblasts from preeclamptic placentae exhibit a relatively immature phenotype. Thus, preeclamptic placentae fail to complete integrin switching (i.e., the trophoblasts remain positive for α 5 and fail to express β 1 ) (12); do not acquire an endovascular adhesion phenotype (41); demonstrate an excess of proliferative immature intermediate trophoblasts (11) ; and also maintain elevated plasma levels of fibronectin (40, 42) (a marker of the initial phase of trophoblast differentiation). Our observation of increased fibronectin and α 5 mRNA levels (with no α 1 expression) in preeclamptic versus age-matched control placentae supports these findings. Moreover, we now report that TGF-β 3 , expressed in first-trimester trophoblasts before their differentiation along the invasive pathway, is also overexpressed in preeclamptic placentae.
Antisense and antibody inhibition of TGF-β 3 in human villous explants at 6-8 weeks of pregnancy induced a premature switch to the differentiative/invasive phenotype normally seen at 9-13 weeks (when endogenous expression of TGF-β 3 is reduced). The data strongly suggest that TGF-β 3 acts as an inhibitor of trophoblast differentiation toward an invasive phenotype. This conclusion is consistent with reports of the antiinvasive actions of other TGF-β isoforms (primarily TGF-β 1 ) on other cell/tissue systems including colon carcinoma and thyroid cells (22) (23) (24) . There have been conflicting data as to the actions of TGF-β 1 on trophoblast invasion. Some investigators have reported inhibition of the invasive capability of isolated firsttrimester trophoblasts, possibly through an induction of TIMP expression or reduced urokinase plasminogen activator (uPA) activity (25) . In other studies, TGF-β 1 was not able to inhibit invasion of isolated firsttrimester trophoblasts (18) . It is likely that the isolation of different trophoblast subpopulations (due to different preparation methodologies or pooling of late firsttrimester placentae) may underlie these contradictory reports. Cell-matrix and cell-cell interactions are known to be critical modulators of TGF-β action, and the maintenance of such interactions in the placental explants may be important in revealing the anti-invasive actions of TGF-β 3 .
Figure 7
Immunoperoxidase staining of TGF-β1, TGF-β2, and TGF-β3 was performed in placental sections from normal pregnancies and pregnancies complicated by preeclampsia. Sections of both normal and preeclamptic placental tissue of 29 weeks' gestation show low/absent TGF-β1 immunoreactivity in cells of the chorionic villi. Sections of both normal and preeclamptic placental tissue of 32 weeks' gestation show positive TGF-β2 immunoreactivity in the syncytium of the chorionic villi (ST, arrow). Sections of normal placental tissue of 31 weeks' gestation show low/absent TGF-β3 immunoreactivity in cells of the chorionic villi. Sections of preeclamptic placental tissue of the same gestation show strong TGF-β3 immunoreactivity viewed by brown staining in the syncytiotrophoblast (ST, arrow) and in stromal cells (S) of the chorionic villi. Control experiments were performed using antiserum preabsorbed with an excess of peptide. ×100. Immunostaining for TGF-β1, TGF-β2 , and TGF-β3 was repeated in 5 different preeclamptic and age-matched control placentae ranging from 27 to 34 weeks' gestation.
There have been several descriptive reports of various markers associated with preeclampsia, including TNF-α, human leukocyte antigen-G, VEGF, M-CSF, uPA, and IGFs (43) (44) (45) (46) (47) (48) . The precise role, if any, of these proteins in preeclampsia is unclear. The data presented here demonstrate not only that abnormalities in TGF-β 3 expression are associated with preeclampsia but also that inhibition of TGF-β 3 with antibody and antisense oligonucleotides restores the invasive capability of preeclamptic trophoblasts. Thus, we found morphological (formation of invading trophoblast columns) and biochemical (induction of MMP-9, a marker of trophoblast invasion; ref. 21) evidence of induction of an invasive phenotype following antisense TGF-β 3 treatment. Our data are consistent with a model of normal placentation in which downregulation of TGF-β 3 expression in trophoblasts around 9 weeks of pregnancy permits differentiation of trophoblasts to EVT that form the anchoring villi and from which derive the α1-integrin-positive EVT that can invade deep into the maternal uterus. This invasion contributes to the remodeling of the uterine spiral arteries and ultimately enables the establishment of increased vascular perfusion of the placenta. In placentae predisposed to preeclampsia, TGF-β 3 expression remains abnormally elevated and trophoblasts remain in a relatively immature state of differentiation. As a direct consequence, trophoblast invasion into the uterus is limited and uteroplacental perfusion is reduced. This conclusion is consistent with the clinical manifestations of preeclampsia, including shallow trophoblast invasion into the uterus and abnormally high uteroplacental vascular resistance. Nevertheless, the aberrant expression of a large number of factors in preeclamptic pregnancies suggests that the pathogenesis of this disease is complex and likely involves many regulatory systems.
The data in this article suggest that the monitoring of TGF-β 3 expression may be a useful diagnostic marker of preeclampsia. Equally important, these data suggest a novel target for therapeutic intervention to ameliorate or prevent this life-threatening condition.
Figure 8
Antisense oligonucleotides and antibody to TGF-β3 induce the formation of columns of trophoblast cells and gelatinase expression in preeclamptic villous explants. Villous explant cultures were prepared from preeclamptic and age-matched control placentae. (a) Explants were maintained in culture in the presence of either control sense or antisense oligonucleotide to TGF-β3 for 5 days. Shown is a representative experiment (n = 3 experiments carried out in triplicate). Panel 1 shows explants from a normal placenta (32 weeks) exposed to sense oligonucleotide (or medium alone; data not shown) spontaneously form columns of trophoblast cells that migrate and invade into the surrounding Matrigel (arrows), whereas explants from a preeclamptic placenta (32 weeks) do not (panel 2). Panel 3 shows antisense treatment of explants from a preeclamptic placenta (AS-β3) triggers the formation of invading trophoblast columns (arrows), an effect that is reversed by addition of recombinant TGF-β3 (panel 4). Similarly, explants from a normal placenta (29 weeks) exposed to control IgG (or medium alone; data not shown) spontaneously form columns of invasive trophoblast cells (arrows) (panel 5), whereas explants from a preeclamptic placenta (29 weeks) do not (panel 6). Panel 7 shows that antibody treatment (Ab-β3) triggers the formation of invading trophoblast columns (arrows) (n = 1 experiment carried out in triplicate). ×50. (b) Explants from preeclamptic placentae (32 weeks) were treated with antisense (AS-β3) or control sense (S-β3) oligonucleotides to TGF-β3 for 5 days. Samples of conditioned medium were collected at day 5 and subjected to Western blotting with MMP-9 antisera. Arrows indicate positions of MMP-9 (92 kDa).
